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Growth rates, seed size, and physiology: do small-seeded species
really grow faster?
Abstract
Relative growth rate (RGR) is currently the most commonly used method for measuring and comparing
species' intrinsic growth potential. Comparative studies have, for example, revealed that small-seeded
species have higher RGR, leading to the common belief that small-seeded species possess physiological
adaptations for rapid growth that would allow them to outgrow large-seeded species, given sufficient
time. We show that, because RGR declines as individual plants grow, it is heavily biased by initial size
and does not measure the size-corrected growth potential that determines the outcome of competition in
the long term. We develop a daily growth model that includes a simple mechanistic representation of
aboveground and belowground growth and its dependency on plant size and environmental factors.
Intrinsic growth potential is encapsulated by the size-independent growth coefficient, G. We
parameterized the model using repeated-harvest data from 1724 plants of nine species growing in
contrasting nutrient and temperature regimes. Using information-theoretic criteria, we found evidence
for interspecific differences in only three of nine model parameters: G, aboveground allocation, and
frost damage. With other parameters shared between species, the model accurately reproduced above-
and belowground biomass trajectories for all nine species in each set of environmental conditions. In
contrast to conventional wisdom, the relationship between G and seed size was positive, despite a strong
negative correlation between seed size and average RGR, meaning that large-seeded rather than
small-seeded species have higher size-corrected growth potential. Further, we found a significant
positive correlation between G and frost damage that, according to simulations, causes rank reversals in
final biomass under daily temperature changes of ±5°C. We recommend the wider use of this new kind
of plant growth analysis as a better way of understanding underlying differences in species' physiology;
but we recognize that RGR is still a useful metric if considering the potential rate of population increase
in empty habitats.
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Abstract. Relative growth rate (RGR) is currently the most commonly used method for
measuring and comparing species’ intrinsic growth potential. Comparative studies have, for
example, revealed that small-seeded species have higher RGR, leading to the common belief
that small-seeded species possess physiological adaptations for rapid growth that would allow
them to outgrow large-seeded species, given sufﬁcient time. We show that, because RGR
declines as individual plants grow, it is heavily biased by initial size and does not measure the
size-corrected growth potential that determines the outcome of competition in the long term.
We develop a daily growth model that includes a simple mechanistic representation of
aboveground and belowground growth and its dependency on plant size and environmental
factors. Intrinsic growth potential is encapsulated by the size-independent growth coefﬁcient,
G. We parameterized the model using repeated-harvest data from 1724 plants of nine species
growing in contrasting nutrient and temperature regimes. Using information-theoretic criteria,
we found evidence for interspeciﬁc differences in only three of nine model parameters: G,
aboveground allocation, and frost damage. With other parameters shared between species, the
model accurately reproduced above- and belowground biomass trajectories for all nine species
in each set of environmental conditions. In contrast to conventional wisdom, the relationship
between G and seed size was positive, despite a strong negative correlation between seed size
and average RGR, meaning that large-seeded rather than small-seeded species have higher
size-corrected growth potential. Further, we found a signiﬁcant positive correlation between G
and frost damage that, according to simulations, causes rank reversals in ﬁnal biomass under
daily temperature changes of 658C. We recommend the wider use of this new kind of plant
growth analysis as a better way of understanding underlying differences in species’ physiology;
but we recognize that RGR is still a useful metric if considering the potential rate of
population increase in empty habitats.
Key words: coexistence; community ecology; ecophysiology; European sand-dune annual species;
exponential vs. linear growth; likelihood; neutral theory; relative growth rate (RGR); storage effect; trade-
offs.
INTRODUCTION
The variation in seed size within functionally similar
guilds is higher than almost any other measurable
feature of coexisting plants (Salisbury 1974, Lord et al.
1995, Moles et al. 2005). One possible explanation for
this variation is that species evolve different seed sizes
under a competition–colonization trade-off and that
small-seeded species are therefore better colonizers but
are not physiologically distinct (Tilman 1994, Geritz
1995, Rees and Westoby 1997, Geritz et al. 1999,
Jakobsson and Eriksson 2000, Levine and Rees 2002,
Coomes and Grubb 2003, Turnbull et al. 2004). A
second, related possibility, is that small seeds are one of
a suite of adaptations to a spatial successional or pioneer
niche (Grime 1979, Tilman 1982, Pacala and Rees 1998,
Bolker and Pacala 1999), in which case small-seeded
species should possess additional physiological adapta-
tions for rapid growth (Tilman 1982, Pacala et al. 1996,
Davies 2001). The well-documented negative interspe-
ciﬁc correlation between seed size and relative growth
rate (RGR; Gross 1984, Maranon and Grubb 1993,
Reich et al. 1998, Poorter and Rose 2005) seems to
support the idea that small-seeded species are inherently
faster growing. But conventional measures of RGR
contain an intrinsic size bias.
The RGR problem
The evidence that small-seeded species have higher
RGR comes mainly from pot experiments in which
different species are grown under standardized condi-
tions and average RGR is calculated over the entire
growth period (e.g., Gross 1984, Maranon and Grubb
1993). However, it is well-documented that the instan-
taneous RGR expressed by an individual plant usually
declines as it grows (Grime and Hunt 1975, Hunt 1982,
Enquist et al. 1999). Whatever the cause, this decline in
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RGR means that, all else being equal, plants that start
growth at smaller sizes—e.g., small-seeded plants—
should exhibit a higher average RGR over any
subsequent period. Even different-sized individuals of
a single species, which are expected to have identical
instantaneous growth rates at a given size (Fig. 1A),
when grown in pots and harvested after some ﬁxed time
interval would have different values of average RGR.
The size dependency of RGR means that average RGR
measured in the usual way is, at least partly, an artefact
of initial size (Fig. 1). If the size-dependency of RGR is
large, the true relationship between seed size and growth
physiology could be masked, and important trade-offs
obscured, e.g., between growth rates in high vs. low light
levels (Kitajima and Bolker 2003, Sack and Grubb
2003).
Size- and environment-dependent growth
One possible remedy to this situation is to conduct
experiments with multiple harvests and to ﬁt standard-
ized time-dependent growth curves, such as the logistic
or Gompertz, that implicitly assume declining RGR
(Hunt 1982). Instantaneous growth rates for some
standard size could then be calculated and compared
between species (Metcalf et al. 2006). However, such
techniques have other disadvantages. First, the param-
eters of the curves usually have no clear biological
meaning (e.g., the inﬂection point of the logistic curve).
Second, the technique could only work in a perfectly
constant environment (such as might be created in a
growth cabinet); otherwise, species that begin growth at
different sizes reach any given size at different times,
with different environmental conditions (Egli and
Schmid 2001). Thus size and environmental effects
become confounded. Third, it is not clear how to extend
the use of standard growth curves to include different
plant compartments (e.g., shoots and roots) that are
fundamentally linked by shared processes (e.g., carbon
ﬁxation, allocation).
A mechanistic approach
In this paper we use an entirely different approach
where, instead of ﬁtting a time-dependent growth curve,
we develop a mechanistic growth model that predicts the
daily change in size given the conditions on that day. We
believe that a mechanistic model has several advantages:
alternative formulations for the size–growth relationship
can be readily compared; above- and belowground
growth can be modeled simultaneously, via allocation of
carbon to above- vs. belowground tissue; physiologically
reasonable relationships between environmental condi-
tions (in this case, temperature and day length) and
carbon ﬁxation can be speciﬁed; and periods of tissue
loss, such as that induced by frost damage, can be
incorporated easily. Models formulated in this way can
capture the fact that plant growth often bears little
relationship to the idealized time-dependent forms
speciﬁed by growth curves, showing instead irregular
growth rates and periods of loss. In addition, the
parameters of a mechanistic model have clear biological
meanings (e.g., growth–temperature optima, fractional
allocation to belowground parts) and this makes model
interpretation much simpler. Once parameterized, it is
easy within a mechanistic framework to perform further
simulations of growth under alternative scenarios (e.g.,
increased daily temperatures). And most important for
our purposes, the model allows unbiased comparison of
the physiology of different species through the estimated
size-independent parameters. In this case, we specify a
size-independent growth coefﬁcient, G.
FIG. 1. If instantaneous RGR (relative growth rate)
declines with size, species that begin growth at a smaller mass
will always have higher average RGR ( y1 . y2) whether (A)
two species have exactly the same instantaneous growth rate at
a given size (in this case a Gompertz function) or (B) small-
seeded species actually grow faster for a given size and can
therefore outgrow the larger-seeded species at least initially. A
negative correlation between RGR and initial size cannot
therefore distinguish between these two alternatives.
May 2008 1353DO SMALL-SEEDED SPECIES GROW FASTER?
We parameterize the model using over 9000 repeated
measures of above- and belowground biomass (both
destructive and nondestructive) from an experiment
involving nine species of sand-dune annuals grown in a
variety of nutrient and temperature regimes. Our
analysis reveals, among other things, that the observed
negative relationship between seed size and RGR is
entirely due to the common growth–size relationship
that species share and that large-seeded species generally
have higher size-independent growth potential.
METHODS
The growth experiment
We grew 1724 individuals of nine common European
sand-dune annual species from seed. Although compet-
itive interactions between these species have been
intensively studied (e.g., Mack and Harper 1977, Rees
et al. 1996, Coomes et al. 2002, Turnbull et al. 2004),
little is currently known about their speciﬁc growth
characteristics. Plants were grown in individual cells and
watered regularly with one of ﬁve different dilutions of a
complete nutrient solution (N¼ 0, 0.25, 0.5, 0.75, 1; see
Plate 1). Above- and belowground parts were regularly
harvested from September 2003 to April 2004 (a total of
seven harvests). All plants were initially outside in an
experimental garden; however, after ﬁve weeks, half of
the plants were brought inside to a cool greenhouse
where they were protected from frost damage. Daily
temperature records were obtained for plants both inside
and outside. Hours of daylight on each day of the
experiment were calculated using the formula presented
in Forsythe et al. (1995). From harvest number 4
onwards, we also took nondestructive measures (height
and diameter) of all harvested plants. Using the resulting
regression model between the destructive and nonde-
structive measures, we then predicted the biomass of
unharvested plants from which the same nondestructive
measures were taken; although these data were treated
differently from those collected directly from destructive
sampling (for more details on species and growing
conditions see Appendix A).
Daily growth model
The daily growth model is intended as a simple
mechanistic representation of the growth process and its
dependency on plant size and environmental factors.
The model had to be kept to a level of simplicity
appropriate to the data; thus, individual physiological
processes are treated phenomenologically (e.g., the use
of net whole-plant daily carbon gain), simple functional
forms are assumed (e.g., growth vs. temperature), and
some complexities are ignored (e.g., ontogenetic shifts to
reproduction). Nonetheless, in comparison to tradition-
al statistical methods, this approach allows an increased
level of understanding of the physiological differences
underpinning whole-plant patterns of growth, with little
or no increase in the number of required parameters.
For a given individual plant i and time d (days after
the start of the experiment), the daily growth model
calculates a daily mass increment both aboveground
(DM ðabvÞi;d ) and belowground (DM
ðblwÞ
i;d ):
DM ðabvÞi;d ¼ Fi;d 3Ci;d  lc3HdM ðabvÞi;d ð1aÞ
DM ðblwÞi;d ¼ ð1  Fi;dÞCi;d ð1bÞ
where Ci,d is net daily carbon gain (mg) (see Eq. 2,
below), and Fi,d is the fraction of this gain that is
allocated to aboveground tissue (notice that the total
growth increment on any day when Td  0 is simply
Ci,d). The parameter lc is a fractional loss of above-
ground tissue (d1) that occurs when and only when the
mean daily temperature (Td) is below zero (Hd¼ 0 when
Td  0 and Hd ¼ 1 when Td , 0).
Carbon gain vs. size.—In order to determine the daily
growth increment we ﬁrst needed to specify the
underlying relationship between growth (i.e., the carbon
gain Ci,d), and size. Nearly all commonly used plant-
growth functions approximate the canonical sigmoid
growth curve, which has an initial phase where growth is
close to exponential, followed by a second phase where
growth is close to linear, followed by a third phase in
which growth declines to zero. In the initial phase
growth is proportional to mass (giving constant relative
growth rate [RGR] and hence increasing absolute
growth rate). In the second phase growth is more or
less independent of mass (giving constant absolute
growth rate and hence declining RGR). We built these
two phases into our daily growth model in the simplest
way possible, by assuming that growth switches abruptly
from an initial phase, where carbon ﬁxation is propor-
tional to aboveground biomass, to a second phase,
where carbon gain is independent of aboveground
biomass (the third phase, representing senescence, is
ignored). The switch occurs when the aboveground mass
reaches a critical mass,Mref, which is a parameter of the
model:
Ci;d ¼ G3Bd 3

M
ðabvÞ
i;d =Mref

if Mabv,Mref
G3Bd if Mabv  Mref
(
ð2Þ
where G is the size-independent growth coefﬁcient and
Bd is a multiplier that adjusts growth according to
nutrients and to the temperature and day length on day
d. These assumptions mean that, in a constant environ-
ment and with constant allocation to aboveground
tissue (see Allocation, below), plants will grow exponen-
tially until they reach aboveground biomass Mref, and
then switch to linear growth. But unlike standard
growth curves, the daily growth model can be imple-
mented in a varying environment with size- and
resource-dependent allocation. Within the model-ﬁtting
process, Mref is free to take any positive value.
Therefore, if plants grow either linearly for the entire
time or exponentially for the entire time, the best value
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of Mref will be, respectively, so small or so large that no
plant actually exhibits such a switch.
This formulation for the relationship between size and
growth was the best that we could ﬁnd to ﬁt to our data,
after extensive consideration of alternatives (including
power functions of net carbon gain vs. size) and is also
particularly simple to analyze and understand. We also
experimented with formulations explicitly separating
carbon ﬁxation and respiration but found that the
parameters were underconstrained given the nature of
the data. However, other formulations could easily be
used within this general model framework.
Nutrients, temperature, and day length.—The coefﬁ-
cient Bd in Eq. 2 allows the incorporation of environ-
mental conditions—in this case the nutrient level (N),
mean daily temperature Td, and day length Ld :
Bd ¼ expðaNÞ3ð1  HdÞ3 exp  Td  Toptrt
  
3
Ld
12
 
:
ð3Þ
The growth–nutrient response is a simple exponential
function of nutrient concentration whose steepness is
determined by the parameter a, where a . 0 indicates a
positive response to nutrients. The growth–temperature
response is a Gaussian function, which reaches a value 1
when Td is equal to an optimum temperature, set by the
parameter Topt, and which shows a symmetric decay
either side of Topt with a steepness set by the parameter
rt (smaller rt giving a steeper response). This function
was chosen because it provided a superior ﬁt compared
to nonsymmetric functions. Eq. 3 includes the additional
assumption that carbon gain is zero when Td , 0 (note
the use of Hd). Any differences in the growth response of
species to nutrient availability and temperature would be
reﬂected in species-speciﬁc values for these parameters
(a, Topt, and rt). Note, that any differences in plant
growth in the two locations (inside and outside) are
assumed to be solely due to differences in average daily
temperatures Td and the occurrence (outside only) of
sub-zero temperatures.
Consideration of Eqs. 2 and 3 reveals that G, the size-
independent growth coefﬁcient, affects growth at all
sizes and under all nutrient levels. More precisely, G
is the maximum absolute growth rate under zero
nutrients, i.e., the growth increment per day achieved
when M
ðabvÞ
i;d  Mref, Td ¼ Topt, and N ¼ 0.
Allocation.—The fractional aboveground allocation
Fi,d is given by
Fi;d ¼ 1=½1 þ expðAi;dÞ ð4aÞ
Ai;d ¼ c0 þ cM M ðabvÞi;d þ M ðblwÞi;d
h i
þ cNN: ð4bÞ
Here, Eq. 4a is a logit function, bounding Fi,d between 0
and 1 (Fi,d ¼ 0.5 when Ai,d ¼ 0), and Ai,d is a linear
function, including the parameter c0 as a constant, and
the parameters cM and cN to set, respectively, the effects
of biomass and nutrients on allocation.
Parameter estimation
The model required the estimation of nine parameters:
G, Mref, c0, cM, cN, Topt, rt, a, and lc. We used
maximum-likelihood methods to estimate global values
for these parameters or for each species separately, given
the data from the growth experiment (for detailed
description see Appendix B). An important aim of the
analysis was to estimate which aspects of the physiology
differ between species, i.e., which of the nine model
parameters are species speciﬁc, and which are global
(shared between species). This was achieved by compar-
ing information criteria from model ﬁts where different
combinations of the nine parameters were made species
speciﬁc or global. The set of all such combinations was
too large (29 ¼ 512 models), so we began by ﬁtting a
model with all nine parameters global, and then ﬁt nine
models with each parameter in turn made species
speciﬁc. From this set of nine models, we selected the
model with the greatest likelihood and set the relevant
parameter (p1) to be permanently species speciﬁc. We
then ﬁt all eight models with two species-speciﬁc
parameters, one of which was always p1. From these
eight, the model with the greatest likelihood was chosen,
thus ﬁxing p2, and so on until all nine parameters had
been made species speciﬁc. This required 46 model ﬁts in
total. Comparing the AIC (Akaike information criteri-
on) and BIC (Schwarz/Bayesian information criterion)
of this set of 46 models allowed us to decide on the most
appropriate models from the 46 (see Results: Model
selection, below, and Burnham and Anderson 2002). In
addition, the order in which this procedure sets a given
parameter to species speciﬁc indicates the extent to
which the data and model structure imply that this
parameter is species speciﬁc: p1 is the parameter with the
strongest evidence, and p9 is the parameter with the
least.
Model–data comparison
After parameterization, we implemented simulations
of the global model (where all parameters are shared
between species) and the model selected using BIC
(which had three species-speciﬁc parameters, referred to
as the ‘‘3-p model,’’ see Results: Model selection, below),
for each of the different nutrient and temperature
regimes used in the growth experiment. We calculated,
using the predicted biomasses from the global and 3-p
models: (1) a predicted average RGR in each nutrient
level and temperature regime. In addition, by perform-
ing linear regressions of predicted ﬁnal aboveground
biomass against log nutrient concentration for each
species both inside and outside, we calculated: (2) a
predicted relative response of ﬁnal biomass to temper-
ature regime, deﬁned as the ratio of the intercepts (inside
vs. outside) and (3) a predicted relative response of ﬁnal
biomass to nutrient addition, both inside and outside,
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deﬁned as the ratio of predicted ﬁnal biomass in full-
strength vs. zero-strength nutrients. For comparison, the
same metrics were calculated using the observed data.
RESULTS
RGR and response to nutrients and temperature
There was a near-perfect rank correlation between
seed size and initial mass after 14 days (rs¼ 0.967, n¼ 9
species, P , 0.001). Only Valerianella had a substan-
tially lower biomass after 14 days than expected from its
seed size. Analysis of average RGR (relative growth
rate) from week 2 to week 19 revealed the expected
strong negative relationship between RGR and seed size
(F1,46 ¼ 639, P ,, 0.0001), with Saxifraga achieving
RGRs roughly 4 times higher than Erodium. In addition,
there was a signiﬁcant interaction between seed size and
nutrient treatment (F1,46¼10.5, P¼0.0023) and between
seed size and temperature regime (F1,46 ¼ 9.78, P ¼
0.0031) such that the relationship between seed size and
RGR was steeper in higher nutrient levels, and steeper
outside than inside. Correspondingly, the ﬁnal biomass
of small-seeded species showed a greater relative
response to nutrient addition when grown inside (F1,7
¼ 15.2, P ¼ 0.006) but not outside, (F1,7 ¼ 1.31, P .
0.05). Similarly, the ﬁnal biomass of small-seeded species
showed a greater relative response to increased temper-
atures (inside vs. outside) (F1,6¼14.87, P¼0.008) once a
single strongly outlying point (Valerianella) was re-
moved. Thus, conventional growth analysis reveals that
small-seeded species have higher RGR, and show a
greater relative increase in ﬁnal biomass when either
nutrients (inside only) or temperatures are increased.
Model selection
Fig. 2 compares the likelihood, AIC, and BIC values
from the set of 46 daily growth models considered in the
model selection procedure (see Methods: Parameter
estimates, above). Visual inspection of the likelihood
suggested that it improved sharply when the number of
species-speciﬁc parameters was increased from zero to
three, whereas making additional parameters species
speciﬁc led to rather more modest improvements (Fig.
2A). This was reﬂected in the BIC, which on average
picked a model with three species-speciﬁc parameters
(Fig. 2B). In contrast the AIC selected a model with
eight species-speciﬁc parameters (Fig. 2C; hereafter the
‘‘8-p model’’). Although still debated, there is at least
some agreement that the AIC should be preferred when
the main goal is predictive accuracy, while the BIC,
which penalizes complexity much more heavily, may be
preferred if the goal is to identify key important
processes (Taper 2004).
Model–data comparison
Comparing the predictions from the 3-p and 8-p
models (Fig. 3) showed that the improved accuracy of
the 8-p model was restricted to particular species in
particular situations. For example, the 8-p model
performed noticeably better for Erodium grown outside
(Fig. 3I). However, because the differences in model ﬁt
are minor, and because the improvement may come as
much from structural inadequacies of the model on
some occasions rather than genuine interspeciﬁc differ-
ences in physiology, we do not consider the 8-p model
further. However, the global model is of particular
interest because in the global model the only difference
between the species is the initial mass (which is highly
correlated with seed size).
Species-speciﬁc physiology
The strength of evidence for species-speciﬁc (rather
than global) values of the different parameters is given
by the order in which the model-selection procedure
made the parameters species speciﬁc (Table 1). The
parameters with the strongest such evidence were (1) the
size-independent growth coefﬁcient, G; (2) baseline
allocation, c0; and (3) the cold-damage parameter, lc
(hence these parameters were retained in our 3-p model).
In contrast, Mref, the mass at which growth switches
FIG. 2. Comparison of (A) likelihood, (B) Schwarz/Bayesian information criterion, BIC, and (C) Akaike information criterion,
AIC, associated with each of the 46 ﬁtted models and the number of species-speciﬁc parameters that each model contains. There is
only one model with no species-speciﬁc parameters, nine with one species-speciﬁc parameter, eight with two, and so on. The trend
lines connect averages for models with the same number of species-speciﬁc parameters.
LINDSAY A. TURNBULL ET AL.1356 Ecology, Vol. 89, No. 5
from exponential to linear, was one of the last
parameters to be made species speciﬁc. This is an
important result, allowing us to unambiguously rank the
species in terms of their growth potential, according to
the size-independent parameter G.
Inspection of parameter estimates from the global
model show that the fractional belowground allocation
declines as nutrient availability increases (cN . 0), and
as size increases (cM . 0); the optimum growth
temperature is around 138C (Table 1).
Parameters vs. seed size
The maximum-likelihood estimates of the species-
speciﬁc parameters retained by the 3-p model (selected
by the BIC) were all positively related to seed size (Fig.
4A–C). Thus, the analysis estimated that larger-seeded
species have higher size-independent growth coefﬁcients
(greater G; F1,7 ¼ 9.08, P ¼ 0.019) and allocate less
carbon to belowground tissue (greater c0; F1,7¼ 6.19, P
¼ 0.041), but are more susceptible to cold damage
FIG. 3. Temperature and growth curves for the nine species (common European sand-dune annuals) in the growth experiment,
recorded both outside in the experimental garden (Out) and inside a greenhouse with frost protection (In). (Top row) Maximum
(dotted line) and minimum (solid line) temperatures were recorded. (Rows 2–4) Aboveground (solid circles, ) and belowground
(open triangles, n) biomass data (geometric means6 SE) at one nutrient concentration (N ¼ 0.25, one quarter full strength) are
plotted, together with ﬁtted growth curves from the best three-parameter (3-p) model (solid line) and the best eight-parameter (8-p)
model (dashed line). Day 0 is the day seeds were sowed. Species are plotted in order of ascending seed size: (A) Saxifraga, (B)
Erophila, (C) Cerastium, (D) Arenaria, (E) Veronica, (F) Myosotis, (G) Valerianella, (H) Geranium, and (I) Erodium.
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TABLE 1. Description of parameters used in the growth model and the order in which species-speciﬁc parameters are retained in
the stepwise model-ﬁtting procedure.
Symbol Definition Units
Order
retained
Global
values
G Size-independent growth coefficient mg/d 1 0.132
lc Fractional tissue loss (when mean daily temperature Td , 0) 3 0.00357
Mref Growth: critical mass at which there is switch from exponential to linear mg 7 0.564
Topt Growth: optimum temperature 8C 6 12.6
rt Growth: sensitivity to temperature (standard deviation of Gaussian response) 8C 4 10.8
a Growth: coefficient for effect of nutrients 8 0.453
c0 Allocation: constant 2 0.199
cM Allocation: coefficient for effect of plant mass 5 0.0524
cN Allocation: coefficient for effect of nutrients 9 0.235
 Values of each parameter are given for the global model (in which no parameters are species speciﬁc).
FIG. 4. The relationship between seed size (mass) and the species-speciﬁc parameters retained in the best three-parameter model
for nine species: (A) size-independent growth coefﬁcient (G), (B) baseline aboveground allocation constant (c0), (C) fractional loss
of aboveground tissue due to cold (lc), and (D) the trade-off between G and lc. For (A)– (C) note the x-axis log scale.
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(greater lc; F1,7 ¼ 7.41, P ¼ 0.030). However, the
relationship between these parameters and seed size was
not perfect: in particular, Valerianella is large-seeded,
but has a low value of G. Plotting G against lc revealed a
signiﬁcant positive correlation between these two
parameters (Fig. 4D; q ¼ 0.875, n ¼ 9 species, P ¼
0.002) such that species with higher size-independent
growth coefﬁcients experience more tissue loss when
temperatures fall below zero. This relationship (r2 ¼
0.77) was better than the relationships between both G
and seed size (r2¼ 0.57) and lc and seed size (r2¼ 0.51)
suggesting that the trade-off between G and lc may be
inescapable; high size-independent growth coefﬁcients
come at the cost of high cold damage.
Predicted response metrics vs. seed size
Analysis of simulated data from the global model up
to week 19 revealed that small-seeded species are
predicted to (1) have higher average RGR (F1,7 ¼ 95.8,
P , 0.001; Fig. 5A); (2) show a higher relative increase
in their ﬁnal biomass with increased temperatures (F1,7¼
20.8, P¼ 0.003; Fig. 5E), and (3) show a higher relative
increase in their ﬁnal biomass with additional nutrients
(F1,7 ¼ 38.1, P , 0.001; Fig. 5C). This was despite the
fact that the global model had no species-speciﬁc
parameters. With respect to points (1)–(3) above, the
differences between the global and 3-p model were small
(Fig. 5), suggesting that the species-speciﬁc aspects of
physiology estimated by the analysis (i.e., differences in
size-independent growth coefﬁcients, allocation and cold
damage) had little impact on these relationships. Thus,
according to our analysis, the observed negative
correlations between seed size, RGR, and response to
temperature and nutrients result solely from the fact that
smaller-seeded species start growth at smaller size.
FIG. 5. Observed and predicted mean relative growth rate (RGR) and growth responses to nutrient level and location for nine
species under the global model and the 3-p model, from week 2 to week 19. In the global model, all parameters are shared between
species; the 3-p model (selected using BIC) has three species-speciﬁc parameters. (A, B) Mean RGR inside the greenhouse, shown at
only one nutrient level (N ¼ 0.25) for clarity. (C, D) Relative change in ﬁnal biomass due to nutrient addition. (E, F) Relative
change in ﬁnal biomass due to increased temperature inside greenhouse (vs. outside). Seed mass of the nine species (x-axis) is shown
on a log scale.
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Predicted response to altered climate
Finally, to determine whether or not species-speciﬁc
physiology could result in shifts in the biomass ranking
of species, we carried out simulations of the global and
3-p models under altered temperature scenarios, where
we reduced the daily temperature (DTd) by between 08
and 58C. In the global model, the four species with the
largest seeds did not change rank under altered climate
scenarios, but under the 3-p model, Valerianella, which
had the lowest biomass under the unaltered climate (DTd
¼ 0), had the highest predicted biomass when daily
temperatures are reduced by 58C (Fig. 6). Thus, the
estimated differences in species-speciﬁc physiology (size-
independent growth, cold damage, and allocation) are
potentially important in determining the success of
different species in different years or in different
microclimates.
DISCUSSION
Seed size and RGR
There is a well-established negative correlation
between seed size and average RGR (relative growth
rate) that has been taken as evidence that small-seeded
species are physiologically adapted for rapid growth
(Reich et al. 1998, Bloor and Grubb 2003, Shipley 2006).
This would help them to successfully exploit a succes-
sional niche as they could outgrow larger-seeded
competitors given sufﬁcient time (Tilman 1982). We
also found the expected strong negative relationship
between seed size and average RGR among the nine
annual species described here. But this relationship also
emerged from the global model in which species share a
common growth function, so that the only difference
between species is their initial size. Thus, as outlined in
the Introduction (above), our analysis has demonstrated
that a negative relationship between average RGR and
seed size can result solely from the decline in instanta-
neous RGR as plants increase in size. In our experiment,
plant growth was best described by a function in which
plants grow exponentially at ﬁrst but then switch to
linear growth once some critical mass is reached. That
this reference mass was similar for all species, suggests a
shared relationship between size and growth across all
species (Enquist et al. 1999, Metcalf et al. 2006). Small-
seeded species, however, because they begin small, spend
longer in exponential growth and therefore have a
higher average RGR. But the small-seeded species do
not have higher size-independent growth coefﬁcients and
are not, therefore, more efﬁcient at ﬁxing carbon. Their
absolute growth rates can never exceed that of the large-
seeded species, and so they can never ‘‘outgrow’’ the
large-seeded species, even given inﬁnite time. While we
do not believe that all existing published negative
correlations between seed size and RGR are necessarily
the product of differences in initial size, we have
demonstrated here that these experiments have been
inevitably biased in this direction.
There are other interesting consequences of changing
the relative time spent in exponential vs. linear growth.
Small-seeded species appear to respond more strongly
both to fertilization and to an increase in the average
daily temperature (inside vs. outside). But again, this
occurs even under the global model, in which there are
no species-speciﬁc parameters in the growth equations.
It occurs because environmental conditions, such as
nutrient availability and temperature, affect carbon
ﬁxation (and hence growth) via a daily multiplier in
the growth equation (Bd in Eq. 2). Although in the
global model this daily multiplier is the same for all
species, its effect depends on the type of growth that the
plant is experiencing (whether exponential or linear).
And because the proportion of time spent in exponential
vs. linear growth depends only on plant size, the effect of
FIG. 6. Predicted ﬁnal mass (relative to the species with the
lowest mass) of the four species with the largest seeds, in
simulations where daily temperatures were reduced by a ﬁxed
number of degrees each day. (A) The global model predicts no
rank reversals, in contrast to (B) the BIC-selected 3-p model.
Note that, because Myosotis and Valerianella have the same
biomass at 14 days, they have the same ﬁnal biomass in the
global model where all other parameters are identical.
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the same multiplier is always relatively greater on small-
seeded species, which spend relatively longer in expo-
nential growth. Therefore, even in a global model,
modifying environmental quality will always have a
greater relative effect on the RGR and hence ﬁnal
biomass of small-seeded species. Interestingly, Shipley
and Keddy (1988) found that species with the highest
RGR under conditions of high nutrient availability
showed the greatest reduction in RGR when grown
under nutrient-depleted conditions—a result that emerg-
es directly from our simple model without recourse to
species-speciﬁc physiology (Fig. 5).
Species-speciﬁc physiology
The daily growth model presented here disentangles
the effects of plant size, environment and species-speciﬁc
physiology by modeling each component separately.
Under, for example, a neutral model, the true species-
speciﬁc component should be small (Hubbell 2001).
However, interestingly, the parameter with the strongest
evidence for species-speciﬁc differences was the size-
independent growth coefﬁcient, G. Species appeared to
achieve higher size-independent growth coefﬁcients at
the cost of increased frost damage, analogous to a
growth vs. survival trade-off (Kitajima 1994, Kobe et al.
1995, Sterck et al. 2006). This new and potentially
important trade-off was only identiﬁed by properly
correcting for plant size; otherwise, we would have
obtained the paradoxical result that species with the
lowest RGR (the large-seeded species) also suffered the
greatest cold damage. In contrast to all previous
predictions, the correlation between seed size and size-
independent growth, as measured by G, was positive;
that is, Saxifraga, despite producing enormous numbers
of very small seeds, does not have the growth strategy
traditionally associated with an extreme ruderal (Grime
1979)—indeed it has a rather conservative growth
strategy, investing in damage protection at the cost of
reduced growth.
Although large-seeded species generally grew faster
and had lower frost tolerance, there were exceptions.
For example, Valerianella, a large-seeded species, has an
unusually low size-independent growth coefﬁcient and a
high degree of frost tolerance. Such differences poten-
tially provide an additional niche axis, orthogonal to
that associated with seed size, which could lead to
reversals in the success of species in different years
(Chesson and Warner 1981, Adler et al. 2006). For
PLATE 1. A tray containing all nine species after 19 weeks of growth. Cells were watered with one of ﬁve different dilutions of a
complete nutrient solution. Two such trays were harvested at each time interval, one from inside a cool glasshouse and one from
outside. Photo credit: Susann Eichenberger-Glintz
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example, simulating a decrease in the average daily
temperature of up to 58C led to changes in the size
rankings among the four species with the largest seeds
by the end of the growing season (Fig. 6). Such reversals
might be an important mechanism for increasing the
number of large-seeded species that can potentially
coexist (the storage effect: Chesson 1994). However,
none of the small-seeded species pursued a high size-
independent growth/low frost-tolerance strategy. This is
possibly because small-seeded species expect to spend a
much longer period in exponential growth and therefore
will still be in this phase during the winter months (when
frost damage is expected). During the exponential phase,
growth is mass dependent, and losing mass during this
phase reduces future growth rates, and is consequently
much more damaging. Large-seeded species pass the
threshold for linear growth at a much earlier stage, well
before the winter, and their growth rate is consequently
mass independent for much of the winter. Losing
biomass during the winter is therefore less damaging
as it does not affect future growth.
Community-level consequences
If average RGR does not reveal fundamental physi-
ology, is it still a useful measure? Whatever its
physiological underpinnings, the higher average RGR
of smaller-seeded species implies a greater return on the
carbon investment represented by the seed, and hence
greater ﬁtness, measured as annual population growth
rate (Cadotte et al. 2006). But, this RGR advantage is
only expected to occur where the conditions match those
of the experiments, i.e., where each individual seed is
given exclusive access to a ﬁxed amount of space, as
would happen in an environment of mostly empty
patches. At the other extreme, once most patches are
colonized we would expect each patch to begin each
growing season with a similar mass, rather than number,
of seeds (because the ﬁnal masses of the different species
are much more similar than the seed masses; Fig. 6).
Under these conditions a more relevant measure of
performance might be the average RGR of a given
initial seed mass per unit area, in the presence of both
intra- and interspeciﬁc competition. Although competi-
tion was not dealt with here, we think that a simple, but
mechanistic, size- and growth-based framework similar
to the one presented here, might form a useful
alternative to current models of annual communities,
which tend to assume constant total density, identically
sized adults, and lottery competition for microsites—
models that are, in fact, extremely difﬁcult to relate to
actual plant communities.
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APPENDIX B
Parameter estimation for the daily growth model (Ecological Archives E089-082-A2).
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